We isolated an Arabidopsis albino and pale green 10 (apg10) mutant which exhibits pale green cotyledons and true leaves at the juvenile stage. We identified a valine to leucine change in BBMII (N′-[(5′-phosphoribosyl)-formimino]-5-aminoimidazole-4-carboxamide ribonucleotide) isomerase involved in histidine biosynthesis. The morphological abnormality of apg10 was recovered by histidine supplementation. The histidine limitation induced by apg10 mutation causes dynamic changes of the free amino acid profile, suggesting the existence of a cross-pathway regulatory mechanism of amino acid biosynthesis in plants. We also revealed that the APG10 knockout mutant exhibited embryo lethality, indicating the essential role of the Arabidopsis BBMII isomerase for plant growth.
Amino acids play a central role by serving as the building blocks for protein synthesis. Histidine (His) is one of the amino acids that is essential for humans and, as a result, it must be supplied from dietary sources. Unlike humans, plants and microorganisms are able to sythesize all 20 amino acids that are necessary for protein synthesis. The biosynthesis of His has been extensively characterized in eubacteria and lower eukaryotes (Winkler 1987) . For example, in Eschericia coli, the 11 enzymatic activities of the His biosynthetic pathway are encoded by eight genes that are organized in a single operon (Fig. 3A) (Carlomagno et al. 1988 ). On the other hand, the His pathway in Saccharomyces cerevisiae is composed of seven genes that are scattered throughout the chromosomes (Fig. 3A ) (Mortimer et al. 1994 , Alifano et al. 1996 . These differences are brought about by multifunctional enzymes, HIS4 and HIS7. The HIS4 protein can be divided into three subdomains; HIS4A, HIS4B and HIS4C, which correspond to hisIE and hisD, respectively (Donahue et al. 1982) . The HIS7 gene encodes the bifunctional glutamine amidotransferase (hisH) and the cyclase (hisF) enzyme (Kuenzler et al. 1993 ). In contrast, hisB in most eubacteria contains both imidazoleglycerol phosphate dehydratase (HIS2) and histidinolphosphate phosphatase (HIS3) activity (Carlomagno et al. 1988) .
In plants, the organization of genes that are involved in His biosynthesis is similar to that of yeast. With the execption of histidinol phosphate phosphatase (HPP), all cDNAs which correspond to His biosynthetic genes have been cloned. The two Arabidopsis AtATP-PRT1 and AtPRT-PRT2 isoforms, which catalyze the first step of the His pathway, were isolated from a cDNA library by PCR with degenerate primers that were based upon peptide sequences from the purified enzyme (Ohta et al. 2000) . Genetic complementation of an E. coli hisI mutant that is defected in PRA-CH activity confirmed the function of the bifunctional protein (At-IE), an enzyme which has both PRA-PH and PRA-CH activities and catalyzes the second and third step in His biosynthesis, respectively (Fujimori and Ohta 1998a) . The Arabidopsis cDNA encoding BBMII (N′-[(5′-phosphoribosyl)-formimino]-5-aminoimidazole-4-carboxamide ribonucleotide) isomerase, which converts BBMII to BBMIII at the fourth step of the His pathway, was isolated by means of functional complementation of the E. coli hisA mutant strain HfrG6 (Fujimori et al. 1998 ). The At-HF cDNA encoding a bifunctional glutamine amidotransferase/cyclase at the fifth and sixth steps was isolated from an expressed sequence tag (EST) clone that was identified by its similarity to the S. cerevisiae HIS7 gene (Fujimori and Ohta 1998b) . The cDNA for imidazoleglycerolphosphate dehydratase (IGPD), which catalyzes a dehydration reaction to produce IAP from IGP at the seventh step of His biosynthesis, was isolated from Arabidopsis thaliana by complementation of an E. coli SB3930 containing the hisB463 allele that specifically eliminates dehydrogenase activity (Tada et al. 1994) . A Nicotiana tabacum cDNA encoding histidinol phosphate aminotransferase (HPA), which catalyzes the eighth step of the His biosynthesis, was isolated through functional complementation of an E. coli hisC mutant (El Malki et al. 1998) . The cDNA encoding histidinol dehydrogenase (HDH), which catalyzes the last two steps in this pathway, was isolated from Brassica oleracea by a PCR-based approach using peptide sequences from the purified enzyme (Nagai et al. 1991) . Because the His biosynthetic pathway is present in plants but not in animals, the enzymes in this metabolic pathway could be targets for herbicidal agents. Indeed, triazole herbicides inhibit IGPD activity and exhibit phototoxic effects on plant growth (Mori et al. 1995 .
Here, we describe the characterization of the Arabidopsis albino and pale green 10 (agp10) mutant. The APG10 gene encodes the BBMII isomerase which is directly involved in His biosynthesis.
We have generated stable transposon-tagged Arabidopsis thaliana lines which contain a modified maize Dissociation (Ds) element that serves as a tool for a comprehensive reverse genetics approach (Ito et al. 2002 , Kuromori et al. 2004 . From these lines, we have screened ABA-insensitive mutants by germination assay, and a novel mutant (Ds52-3902-2) was isolated (data not shown). In comparison with wild-type plants, Ds52-3902-2 showed the weak ABA-insensitive phenotype (Y. Noutoshi and K. Shinozaki, unpublished results) and also exhibited pale green cotyledons and true leaves as shown in Fig. 1A . This mutant was backcrossed with the wild-type plant and we examined the segregation of this pigmentation abnormality with the ABA-insensitive phenotype in the F 2 progeny. We subsequently found that the pale green phenotype was not associated with the ABA insensitivity. Therefore, we designated this mutant albino and pale green 10 with respect to the abnormal pigmentation. The apg10 phenotype was inherited as a genetically recessive trait (Table 1) .
In comparison with wild-type plants, seed germination speed was similar in apg10; however, the development of true leaves was delayed for 2 d in the mutant plants (data not shown). The shape of true leaves was small, narrow and yellowish, and leaf morphology also exhibited some serrated edges (Fig. 1A) . Although the apg10 plants exhibited the pale green phenotype at the juvenile stage, the plants gradually recovered green color after they were grown for 1-2 weeks in agar plates or soil conditions (Fig. 1B) . The rosette size of the apg10 plants that were grown for 2 weeks on soil or in agar plates was smaller than that of wild-type plants. These apg10 plants had short petioles and round leaves. It is important to note however, that remarkable differences were not observed in reproductive tissues from apg10 and wild-type plants. These apg10 morphological phenotypes were also observed when they were grown on soil (data not shown).
The apg10 mutant was isolated from Ds transopson insertion lines; however, the apg10 phenotype did not co-segregate with the hygromycin resistance trait that is normally conferred by Ds. As a result, we carried out the positional cloning of apg10. Mapping with polymorphic markers was subsequently accomplished by using mapping populations that were derived from crosses of apg10 with Col and Ler accessions. We used the pale green phenotype of true leaves for the identification of the apg10 mutation. Analysis of an initial population of 96 from Col F 2 plants with markers on each chromosome revealed only four recombination events between apg10 and the nga168 marker on chromosome II. Because this recombination rate indicated the strong linkage of apg10 to nga168, we analyzed an extended F 2 population of 288 plants from Col with markers around nga168. We generated four single sequence-length polymorphism (SSLP) markers in the proximity of nga168 and examined the genotype. As a result, 14 and seven recombination events were detected between apg10 and the markers on bacterial artificial chromosome (BAC) clone F19I3 and T1J8, respectively ( Fig. 2A) . The markers between F19I3 and T1J8 could not be used for the F 2 population from Col; therefore, the F 2 population from Ler was used for further mapping procedures. The analysis of the genotype of the population of 384 from Ler F 2 plants for six markers listed in Fig. 2B revealed two and four recombination events between apg10 and the markers on BAC F11F19 and F1O11, respectively; whereas no recombination events were detected with marker F9C22. As a result, the apg10 mutation was mapped within a 145 kbp region on chromosome II (Fig. 2C ). The AGI-annotated genes between BAC F11F19 and F1O11 were amplified by PCR from wild type and apg10 and were subsequently sequenced. PCR analysis allowed us to confirm a G to T base substitution in the At2g36230 gene. The At2g36230 gene encodes a 304 amino acid protein BBMII isomerase, which catalyzes the conversion of BBMII to BBMIII at the fourth step of the His biosynthetic pathway (Fig.  3A) (Fujimori et al. 1998) . The apg10 mutation results in a valine to leucine change at amino acid position 256 (Fig. 2D,  4A ). To confirm whether this mutation is the cause of the apg10 phenotype, the apg10 mutant was grown on agar plate medium containing His. As a result, supplemental His specifically suppressed the morphological abnormality of the apg10 mutant, thereby indicating that the morphological apg10 phenotype is caused by the depletion of His (Fig. 3B) . Furthermore, to confirm that this mutation is the cause of the apg10 mutation, the genomic fragment of the BBMII isomerase gene was amplified from genomic DNA of Ds donor plants, and introduced into the apg10 plants. After the wild-type APG10 gene was introduced into the mutant background, the apg10 phenotype was complemented by the introduced genomic fragment, and therefore confirms that APG10 encodes BBMII isomerase (data not shown).
In bacteria, the His pathway is controlled at different levels. For example, the end product of this pathway is known to exert feedback inhibition of the first enzyme of this pathway (Martin 1963) . In addition, the expression of the his operon is also regulated by transcriptional repression and attenuation (Winkler 1987) . In yeast, in addition to pathway-specific control, a cross-pathway regulatory mechanism, known as general control or cross-pathway control, is triggered by amino acid starvation, and the basal level control system maintains transcription in the absence of amino acid limitation (Hinnebusch 1992 , Sachs 1996 . In order to examine the effect of apg10 mutation on the biosynthesis of other amino acids, we determined the free amino acid content in the mutant line. We revealed that the total free amino acid content was 2-fold upregulated in the apg10 mutant at the juvenile stage. These results suggest that the His starvation caused by the apg10 mutation activates the biosynthesis of other amino acids. Interestingly, His itself was detected in apg10, thereby indicating that the BBMII isomerase activity was not completely eliminated by the apg10 mutation. In contrast to these remarkable differences in the free amino acid content at the young stage of development in the mutant, a similar profile was observed in apg10 and wild-type plants when plants reached the rosette stage. It is important to note that this phenomenon directly coincides with the disappearance of the yellowish phenotype of apg10 at this stage.
The APG10-encoded enzyme is involved in the His biosynthetic pathway, and database searching could not detect a homologous gene in the Arabidopsis genome. This observation suggests that APG10 is an essential enzyme that is required for His biosynthesis (Fig. 3A) . In order to examine the importance of APG10 in His biosynthesis, we searched knockout Arabidopsis plants using our database for the Ds insertion mutant pool (Ito et al. 2002 , Kuromori et al. 2004 ) and found a mutant line, Ds15-1767-1 (APG::Ds), whose Ds is inserted into the 6th intron of the APG10 gene (Fig. 4A) . The hygromycin-resistant plants in the progeny of APG::Ds were morphologically normal; however, all plants were hemizygous for Ds. This observation suggests that a homozygous mutation for APG10 may be lethal in the Ds background. To confirm this, we checked the number of the hygromycin-resistant plants in the progeny of heterozygous APG::Ds plants ( Table 2) . As a result, approximately 50% of the plants exhibited hygromycin resistance, and we confirmed that all surviving plants were hemizygotes for Ds (data not shown). We subsequently observed seeds in siliques of the Ds hemizygous plants and approximately 25% of the seeds exhibited embryonic lethality (Fig. 4B) . These results collectively suggest that the APG10 gene is essential for Arabidopsis growth.
In this study, we demonstrated the vital role of BBMII isomerase in Arabidopsis development which catalyzes the fourth step of the His pathway. Auxotrophic mutants are helpful for the characterization of plant metabolic processes and for the development of transformation markers. An efficient strategy for the isolation of various amino acid auxotroph mutants was evaluated using haploid systems that were coupled with an enrichment procedure. As a result of this approach, several His auxotroph mutants were isolated (Shimamoto and King 1982, Negrutiu et al. 1985) . In a His auxotroph mutant (his1 -) that was isolated from mesophyll protoplast cultures of haploid Nicotiana plumbaginifolia, an arginine to His substitution at position 381 in HPA is the cause of severely low HPA activity (Negrutiu et al. 1985 , El Malki et al. 1998 . In Arabidopsis, the HPA-encoding gene has not been isolated; however, database searching identified two genes which showed high homology to HIS5 in yeast (Fig. 3A) . Similarly, two IGPD-encoding genes could be detected in the Arabidopsis genome (Tada et al. 1994) , and two functional ATP-PRTs were isolated (Fig. 3A ) (Ohta et al. 2000) . These proteins might have a redundant function in Arabidopsis His biosynthesis. On the other hand, PRT-PH, PRA-CH, GAT/cyclase and HDH can be detected in only one copy as for BBMII isomerase. These proteins should be essential for His biosynthesis. Interestingly, no Arabidopsis HPP homolog could be identified based upon the homology to the yeast HIS2 protein. Fig. 3 The evidence that APG10 encodes BBMII isomerase involved in histidine biosynthesis. (A) Schematic representation of the histidine biosynthetic pathway. Corresponding counterparts for E. coli, S. serevisiae and A. thaliana are indicated to the left of the enzyme names. The parentheses designate putative enzymes for which there is a lack of experimental evidence. (B) The rescue of growth abnormalities of apg10 by histidine feeding. apg10 and wild-type plants were grown for 1 week in agar plate medium with or without added amino acids as indicated. We also demonstrated that a single amino acid substitution in BBMII isomerase could induce the pale green phenotype in A. thaliana. The sequence analysis predicted that the BBMII isomerase protein is folded as 8-fold β/α barrels (Wilmanns and Eisenberg 1993 , Bork et al. 1995 , Nagano et al. 1999 . The two successive reactions of the His pathway are catalyzed by β/α barrel-containing enzymes which correspond to the hisA and hisF genes in prokaryotes (Alifano et al. 1996) . In addition to the His pathway, many clusters of β/α-barrels were found in genes that are involved with tryptophan biosynthesis, purine metabolism and thiamine biosynthesis. The substrates of these reactions are mostly heterocyclic compounds, and these similarities support the idea of pathway evolution by gene duplication (Bork et al. 1995) . The crystal structures of bacterial HisA and HisF from the hyperthermophile Thermotoga maritima were determined (Lang et al. 2000) . The active site in BBMII isomerase is located at the Cterminal face of each β barrel. This active site is composed of the eight loops which contain the clusters of invariant residues as indicated in Fig. 2D . As shown in Fig. 4A , we detected a C to A base substitution in the second exon and a 61 bp insertion in the 6th intron in the genomic sequence of the BBMII isomerase gene in No-0 (accession no. AB195273) compared with that of Col-0. This natural arginine to serine single amino acid substitution is located in the first loop that forms a cleft of the active site between β strand-1 and α helix-1. However, it seems to have no effect on enzyme activity. Indeed, this amino acid is not conserved among different ortholog molecules (Fig. 2D) . On the other hand, a valine to leucine substitution in apg10 mutants also positions in loop-7 of the C-terminal face. Although the residue of the apg10 mutation position itself is not invariant, it lies adjacent to the invariant GG motif, which consists of two of the three invariant glycine residues in this enzyme (Fig. 2D) . Importantly, loop-7 corresponds to the phosphate-binding site which is conserved in many β/α barrels (Wilmanns et al. 1991 , Bork et al. 1995 . This part of the enzyme is involved in binding of phosphate moieties of the respective substrates. In this regard, the apg10 mutation would have an effect on substrate specificity and reduce the enzyme activity which leads to the pale green phenotype (Fig. 1) .
As demonstrated in the Arabidopsis cue1 mutant, a depletion of aromatic amino acids has been shown previously to cause a pale green phenotype (Li et al. 1995 , Streatfield et al. 1999 . CUE1 encodes the plastid inner envelope phosphoenolpyruvate/phosphate translocator (PPT) which translocates phosphoenolpyruvate (PEP) into the plastid (Fischer et al. 1997) . PEP is a necessary substrate for the shikimate pathway which provides aromatic amino acids (Schmid and Amrheim 1995) . Indeed, the reticulate leaf phenotype of cue1 can be rescued by feeding aromatic amino acids. Interestingly, the overall level of free amino acids is 1.58-fold higher in cue1-1 than in the wild-type plants. In accordance with this observation, the overall level of free amino acids in apg10 is also 2.16-fold higher than in the wild type (Table 3) . These results suggest the existence of a cross-pathway mechanism related to amino acid biosynthesis in Arabidopsis. In yeast, the high levels of amino acids that are induced by the limitation of particular amino acids is achieved by the mRNA induction of specific enzymes involved in amino acid biosynthesis (Hinnebusch 1992 , Sachs 1996 . A cross-pathway metabolic regulation mechanism has been previously suggested to exist in A. thaliana . The blockage of His biosynthesis with the IGPD inhibitor IRL1803 caused an increase in expression of eight genes involved in the biosynthesis of aromatic amino acids, His, lysine and purines. On the other hand, a decreased expression of glutamine synthetase was also observed. In the tobacco his1 -mutant, His starvation induced up-regulation of free lysine and gene expression of the first key enzyme of the lysine pathway (dhdps) (El Malki et al. 1998) . The transregulation of amino acid metabolism was also observed in plants which exhibited increased lysine synthesis (Zhu and Galili 2003) . The boosted level of free lysine in seed was associated with a significant reduction in the levels of glutamate and aspartate and an increase in glutamine and asparagine levels. These results indicate that the primary metabolic defects lead to an imbalance of metabolic profiles as shown in apg10 (Table 3) . In apg10 seedlings, a high level of amino acid content including His itself was observed (Table 3) . At a glance, it appears to be strange that the His level is not decreased in apg10, which seems to have attenuated BBMII enzymatic activity. However, it can be understood as the result of the upregulation of a variety of amino acid biosynthesis by a crosspathway mechanism to produce sufficient His. In fact, there is not a major decrease in the levels of aromatic amino acids in the cue1 mutant. From these observations, we propose that this phenomenon is the consequence of the apg10 mutation but not the cause. A sufficient amount of His should be supplied by a cross-pathway metabolic balance mechanism to compensate for the limitation of His in place of growth retardation and the lack of green color.
Interestingly, the difference in the proportion of free amino acids between apg10 and wild-type plants is reduced during development and is in agreement with the restoration of green color (Fig. 1, Table 3 ). This recovery should be conferred by the translocation of amino acids from other tissues, and this presumably causes the small rosette size (Fig. 1) . In this respect, the proportion of free amino acids may be particularly important early in development.
Marterials and Methods
Ds-tagged Arabidopsis lines used in this experiments were described previously (Ito et al. 2002) . Ds15-1767-1 was isolated by using the Ds-flanking sequence database (Ito et al. 2002 , Kuromori et al. 2004 ). Plants were germinated and grown on MS nutrients (WAKO, Osaka, Japan) supplemented with 1% sucrose and 0.8% agar in a growth chamber or on soil at 22-24°C under 16 h light/8 h dark cycles.
For the fine mapping procedure, 384 F 2 plants from the cross to Col and 384 F 2 plants from the cross to Ler showing the apg10 phenotype were analyzed. The SSLP markers were made by using the INDEL database produced by the Cereon Arabidopsis polymorphism database (http://www.arabidopsis.org/cereon). Markers are available upon request.
The full-length APG10 gene containing the 2 kbp 5′-promoter region and 1 kbp 3′-region was amplified from genomic DNA by PCR using Phusion DNA polymerase (Finnzymes) and the following primers: 5′-gatgtatgatcaagaatctgtgtg-3′ and 5′-gattctcaattctaattctaatcccaactc-3′. The amplified fragment was treated with Ex Taq polymerase (Takara) for the addition of an adenine overhang and was cloned into the pGEM-T easy vector (Promega). This PCR cloned insert was subsequently sequenced in order to validate the PCR error. The resulting 4.8 kb fragment was excised by NotI treatment and subcloned into the NotI site of the binary vector pGreen 0229. The plasmid was reintroduced into Agrobacterium tumefaciens containing the pSoup vector and was transformed into the apg10 mutant by the floral dipping method (Clough and Bent 1998) . The transgenic Arabidopsis plants were selected by screening with Basta.
For amino acid analyses, 0.5 g amounts of upper ground tissue were frozen, ground and resuspended in 10 equivalent volumes of water. Homogenates were incubated at 100°C for 6 min, cooled on ice, and subjected to centrifugation (5,000×g for 10 min at 4°C). A half volume of trichloroacetic acid was mixed with the sample and centrifuged (5,000×g for 20 min at 4°C). Lyophilized samples were resuspended in 0.02 M HCl and subjected to measurement with an amino aicd analyzer (L-8500A, Hitachi) for detection of amino acids and related compounds.
For multiple alignment of BBMII isomerase protein sequences, the CLUSTALW program on the DNA Data Bank of Japan was used and displayed by using Gene Doc software (http://www.psc.edu/ biomed/genedoc).
